Recent Changes in the Ventilation of the Southern Oceans
Darryn W. Waugh, 1 * Francois Primeau, 2 Tim DeVries, 3 Mark Holzer 4 Surface westerly winds in the Southern Hemisphere have intensified over the past few decades, primarily in response to the formation of the Antarctic ozone hole, and there is intense debate on the impact of this on the ocean's circulation and uptake and redistribution of atmospheric gases. We used measurements of chlorofluorocarbon-12 (CFC-12) made in the southern oceans in the early 1990s and mid-to late 2000s to examine changes in ocean ventilation. Our analysis of the CFC-12 data reveals a decrease in the age of subtropical subantarctic mode waters and an increase in the age of circumpolar deep waters, suggesting that the formation of the Antarctic ozone hole has caused large-scale coherent changes in the ventilation of the southern oceans.
T he transport of surface waters into the interior ("ventilation") of the southern oceans plays an important role in global climate and the cycling of carbon, oxygen, and nutrients in the oceans (1) (2) (3) . Over the past few decades, the southern oceans have warmed at roughly twice the rate of the global mean ocean (1), and around 40% of the anthropogenic carbon in the oceans entered south of 40°S (4) . Southern ocean ventilation is driven primarily by the westerly winds (5) , which have strengthened and shifted poleward over recent decades, primarily as a consequence of Antarctic stratospheric ozone depletion (6) . Modeling studies suggest that this has caused changes in the ocean's overturning circulation (7) (8) (9) , and carbon uptake (10, 11) . However, the sensitivity of the southern ocean circulation and ventilation to decadal changes in wind stresses is under debate (12) (13) (14) .
Information on ventilation rates can be obtained from measurements of chlorofluorocarbons (CFCs). These compounds are conserved within the oceans, and their atmospheric concentrations have increased rapidly from when they were first produced in the 1930s until the mid-1990s (fig. S1). Because of this time dependence, CFC measurements can provide constraints on the rates and pathways of ocean transport (15, 16) .
We used CFC-12 measurements made along several sections in the southern oceans in the early 1990s as part of the World Ocean Circulation Experiment (WOCE) and resampled in mid-to late 2000s as part of the Climate Variability and Predictability (CLIVAR) and CO 2 repeat hydrography program (supplementary materials) to examine changes in the ventilation of the southern oceans over the past two decades.
The measurements during WOCE show largest pCFC-12 at the surface, with values decreasing with depth along isopycnals (e.g., Fig. 1A ).
[We express the measurements as the partial pressure of CFC-12 ( pCFC-12), defined as the seawater concentration divided by the solubility (16) . This enables direct comparison with the atmospheric history of CFC-12.] The repeat occupations 14 to 16 years later show large increases in pCFC-12 in the subtropical thermocline (~25°t o 45°S, 200 to 1000 m), which correspond to the waters formed by the transport of surface waters along surfaces of constant density (e.g., Fig. 1B ). In contrast, very small changes in pCFC-12 are observed in polar waters (~50°to 60°S, 200 to 1000 m), where deep water upwells. Figure 1 shows pCFC-12 changes for a section in the South Pacific (P16, see Fig. 2A ), but similar changes in pCFC-12 are observed for other South Pacific sections and for sections in the southern Indian and Atlantic Oceans (16) .
Increases in oceanic CFC-12 from the early 1990s to the late 2000s are expected as a consequence of the increasing atmospheric CFC-12 concentrations. To determine whether these changes in CFC-12 imply a temporal change in transport, it is necessary to take into account the nonlinear atmospheric growth rate of CFC-12 and the mixing of different water masses. Converting the CFC-12 concentrations into a tracer age (time lag between surface and interior pCFC-12) does not circumvent this need because temporal changes in pCFC ages can occur even for steady transport (17) . To examine whether the changes in CFC-12 are consistent with steady transport, we used two very different transport models that include mixing and are constrained to match the observed CFCs in the 1990s. The first has its basis in transit-time distribution (TTD) theory (17, 18) , and the second is a data-constrained ("assimilated") ocean circulation model (19) (supplementary materials).
The null hypothesis to be tested is that the observed changes in CFC-12 between cruises can be explained by steady transport. We therefore used both the TTD model and the assimilated model to make predictions of CFC-12 for the repeat cruise, assuming steady transport between the time of the original cruise and the repeat cruise. Significant differences between modeled and observed CFC-12 at the time of the repeat cruise then indicate a change in transport rates between the early 1990s and the late 2000s.
The general pattern of the predicted CFC-12 in the South Pacific is similar in both models, with both predicting CFC-12 that tends to be smaller than observed in the subtropical thermocline but larger than observed in polar waters (Figs. 1, C and D, and 2C). The smaller-than-observed increases in subtropical waters (with largest differences around 25°to 35°S) and larger-than-observed increases in polar waters [with largest differences below the Subantarctic Front (SAF)] also occur for predictions for other South Pacific sections and sections in the southern Indian and Atlantic Oceans (Fig. 2 and  fig. S3 ). There is some small-scale variability in the magnitude, and even sign, of the differences between observed and modeled CFC-12 increases that could be due to mesoscale or interannual variability. To remove the influence of such variability, we examined the CFC-12 increases averaged over entire water masses. Specifically, we calculated the average for subtropical Subantarctic Mode Water (SAMW) (defined as s 0 between 26.6 and 27.0 kg/m 3 ) and polar Circumpolar Deep Water (CDW) (potential density anomalies s 0 between 27.2 and 27.6 kg/m 3 ) (see supplementary materials for details). These water-mass averages reveal unambiguous large-scale differences between modelpredicted and observed CFC-12 increases, with the models predicting larger-than-observed increases in subtropical SAMW and smaller-than-observed increases in polar CDW (Fig. 3A) . Furthermore, consistency among the sections, which were first sampled on different dates between 1989 and 1995 and resampled between 2005 and 2010, indicates a coherent decadal-scale change between the early 1990s to late 2000s rather than changes resulting from year-to-year variability.
This conclusion is robust to the method of analysis and to the uncertainties in the models. Despite substantial differences between the two models used (including the form of the TTDs, how the surface concentrations are set, and the data used to constrain the models), both models produce smaller-than-observed increases in SAMW and larger-than-observed increases in polar CDW ( Fig. 3 ). Furthermore, differences between the model-predicted CFC-12 and observations are outside the uncertainty associated with the models (Fig. 3A) . For the TTD model, this uncertainty includes uncertainty in the ratio of the width to mean age (D/G) and in the surface saturation of CFC-12. For the assimilation model, the uncertainty is estimated by the difference between modeled and observed CFC-12 measurements for cruises in the 1990s (supplementary materials). Observed CFC-12 greater than that predicted assuming steady transport from the early 1990s to late 2000s indicates a decrease in the time since water was last at the surface (i.e., younger ages), with the more recent ventilation bringing higher CFC concentrations into the interior ocean. The reverse (older ages) is true if the observed CFC-12 is less than predicted. Thus, the above differences in CFC-12 suggest that there has been a decrease in the age of subtropical SAMW but an increase in the age of polar CDW. We used the TTD method to estimate the change in mean water age G between the time of the original CFC-12 measurement (early 1990s) and the repeat measurements (mid-to late 2000s) (supplementary materials). Álverez et al. (20) performed a similar analysis to examine changes in the ventilation of the subtropical eastern Indian Ocean. This is only a rough estimate of the true change in G, because it is assumed that changes in the age are captured by the difference in two steady models, each fit to the CFCs independently. Our estimates show that coherent, large-scale age changes occur in the southern Pacific, Indian, and Atlantic Oceans, with 10 to 40% decreases in the age of subtropical SAMW and 30 to 60% increases in the age of polar CDW (Fig. 3B) .
The age changes in Fig. 3B are consistent with the expected response of the Southern Ocean circulation to the observed intensification of surface westerly winds (7, 8) : Intensified winds lead to a strengthened and poleward-shifted Ekman divergence and enhanced polar upwelling and to increased northward Ekman transport and formation rates of subtropical mode waters. The spatial patterns of the age changes are further consistent with model-simulated changes in westerly wind strength and water age resulting from anthropogenic climate forcing on centennial time scales (21, 22) .
The inferred age changes are also consistent with other ocean observations. They map qualitatively onto the schematic of the observed temperature and salinity changes across a meridional section of the Southern Ocean, with warmer, saltier, and older waters south of the polar front and cooler, fresher, and younger waters north of the polar front (5, 23) . Further, they are consistent with the observed intensification of the southern subtropical gyres (24) , increases in dissolved oxygen in the subtropical Indian Ocean and decreases in dissolved oxygen in the polar Southern Ocean (25, 26) , and a slowdown of carbon uptake in Antarctic waters in recent decades (2) because of enhanced upwelling of polar CDW, which brings old carbon-rich deep waters to the surface.
The ventilation changes inferred here could be due to a number of causes: natural decadal variability, ozone depletion, increased greenhouse gases, or a combination of these. However, the consistency of the inferred age changes with the observed intensification of surface westerly winds, which have occurred primarily because of Antarctic stratospheric ozone depletion (6) , suggests that Antarctic ozone depletion is the primary cause.
Future changes in this ventilation will likely depend on the recovery of stratospheric ozone and the magnitude of greenhouse-gas increases. Because the ventilation of SAMW and CDW occurs on decadal and longer time scales, a lag between peak ozone forcing and maximum changes in ocean ventilation is expected (9) . As stratospheric ozone recovers over the next 40 to 60 years, the recent trend of intensifying summer westerly winds may slow or reverse (6, 27, 28) . However, continued increases in greenhouse gases will likely lead to strengthened westerlies during other seasons. The integrated impact of these trends in 
